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(Received 27 June 2003; published 5 December 2003)235302-1We have created two sheets of 1 K phonons in liquid 4He at 55 mK such that they intersect each
other as they move towards a common point. If the two sheets have a small angle between them, they
interact strongly and create a hot line in the liquid helium. This line is continuously fed with energy
from the two sheets and loses energy by creating high-energy phonons. If the angle between the sheets is
larger than 30 they do not interact but pass through each other. These results give direct evidence for
the composition of the sheets: they comprise strongly interacting low-energy phonons which occupy a
narrow cone in momentum space.
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FIG. 1. This shows the bolometer signals for the two separate
pulses (dash-dotted lines) and for the double pulse (solid line).
The sharp peak at 41 s is due to the l phonons; the signal after
44 s is due to the h phonons. The sum of the signals from the
two separate pulses is shown as the dotted line; it can be seen to
be about half that of the double pulse. The input pulses areseparate pulses. The slower h-phonon signal, from the 100 ns and 6.3 mW.Phonon pulses have been created in cold liquid 4He over
many years since the initial work of Gernsey and
Luszczynski in 1971 [1]. The pulses were found to travel
at the velocity of sound, and so it was believed that, to first
order, the phonons were independent, noninteracting bal-
listic wave packets. The liquid 4He was sufficiently cold
that the ambient thermal phonons could be ignored.
However, it was recognized that phonons could sponta-
neously decay by the three phonon process (3pp) [2,3],
which is allowed by the upward curvature of the disper-
sion curve [4,5]. This picture was challenged recently by
Adamenko et al. [6,7] who argued that a number of
observations, such as the creation of high-energy phonons
in the liquid, could be explained if the phonons in the
pulse were treated as strongly interacting and were con-
fined to a narrow cone in momentum space.
It was proposed [6,7] that the phonons in a pulse
interact by the 3pp [8] which is very rapid and creates a
thermal equilibrium with temperature T  1 K within a
cone in momentum space, in a time of order of 1010 s
[9]. The cone is thought to arise because only phonons
with a small angle 23pp, typically 3pp  10, between
the two momentum vectors, interact by the 3pp. This
causes the magnitude of the cone half angle to be
3pp. The creation of high-energy phonons (h phonons)
with energy  > 10 K has been measured [10–12], and
can be explained by four-phonon interactions between the
low-energy phonons (l phonons) within the pulse [6,7,13].
Despite this indirect evidence for the properties of the
phonon pulses, there has been no previous direct confir-
mation of them. In this Letter we present remarkable
experimental results which provide some compelling evi-
dence that the phonons are strongly interacting and oc-
cupy a narrow cone in momentum space.
In Fig. 1 we show the signals from two heaters which
are separated by an angle   6. Signals from separate
and simultaneous pulses to the two heaters are shown. The
dotted line is the sum of the two separate pulses. It can be
seen that the fast l-phonon peak, from simultaneous
pulses, is twice as high as that of the sum of the two0031-9007=03=91(23)=235302(4)$20.00 simultaneous pulses, is also substantially larger than the
sum of the separate pulses.
We define the ratio R  Sij=Si  Sj), where i and j
are the heater labels, which is the fractional increase of
the integral of the the double pulse (Sij) over the sum of
the integrals of the two separate pulses (Si and Sj) (see
Fig. 1) during the same time interval. The ratio is equal
to 1 if there is no interaction. This ratio is shown as a
function of heater power in Fig. 2. We see that for the
l phonons R 2 and for the h phonons R 1:3, but
is substantially larger at lower power (R  1:6) than at
high power (R  0:9). We see also that the ratio for the
faster h phonons is higher than for the slower ones.
The results for 50 ns pulses are broadly similar to those
for 100 ns.2003 The American Physical Society 235302-1
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FIG. 3. (a) A schematic of the phonon sheet moving in the z
direction. (b) The cone in momentum space occupied by the
phonons in the sheet. (c) Two phonon sheets at a small angle to
each other; the normals to the two sheets are indicated. (d) The
overlap of the two cones in momentum space is shown. (e) Two
phonon sheets with a large angle between them. Note that the
sheets pass through each other. (f) The two occupied cones
separated. (g) A plan view of the two phonon sheets at different
times. The sheets are created at time t1, and at t2 they start to
touch and begin to create the hot line. For t > t2 the area of the
sheets decrease and their energy is fed into the hot line. The h
phonons, created by the hot line, trail behind the two phonon
sheets, but are not shown.
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FIG. 2. For heaters with a 6 angle between them, the ratio of
the integrated signals from the double pulse to the sum of the
integrated signals from the separate pulses is shown as a
function of heater power (the reference power is 0.5 W, so
22, 19, 16, and 13 dB correspond to 3.1, 6.3, 12.5, and
25 mW, respectively). The curves labeled l, h0, h, and h00 are
integrated over time intervals 40– 43, 43–50.4, 43–73, and
50:4–73 s, respectively. The time 50:4 s is the propagation
time for the fastest h phonon which has energy   10 K. The
pulse durations are 100 ns.
P H Y S I C A L R E V I E W L E T T E R S week ending5 DECEMBER 2003VOLUME 91, NUMBER 23The results suggest the following questions: (a) where
does the extra detected energy come from and (b) why
does the extra h-phonon signal arrive earlier than for
single pulses? As the double-pulse energy is equal to the
sum of the energies in the two separate pulses, the in-
creased detected signal with the double-pulse must be due
to a concentration of the injected energy onto the bolome-
ter. We shall now describe how this occurs.
A short heater pulse, tp  100 ns, creates a sheet of l
phonons. The thickness of the sheet is ctp where c is the
velocity of sound; ctp  238 107  24 m. At a dis-
tance from the heater, the width of the sheet is somewhat
larger than the heater width which is 1 mm1 mm. We
have taken 2 mm as a typical width [14]. Figure 3 illus-
trates the essential elements of the phonon sheets.
Figure 3(a) shows a schematic picture of the phonon sheet
created by a single heater. The momentum of the phonons
in the sheet are in a cone with half angle 3pp, as shown
in Fig. 3(b). The phonons have a temperature which falls
in the range 1:0 to 0:7 K: as they propagate they cool
due to the creation of h phonons [7] and also due to
transverse expansion of the sheet [14,15].
Our experiment probes one l-phonon sheet with an-
other similar sheet. The sheets are at a small angle  to
each other as shown in Fig. 3(c). The effect of the inter-
action between the sheets is remarkable. Along the com-
mon line of the two sheets a hot line of phonons is created.
It will be noticed that the sheets do not extend beyond this235302-2hot line because of the strong interactions along the line
of contact of the two sheets. This process concentrates the
energy in the sheets as they move forward. In the absence
of interactions, each sheet would extend behind the other
sheet, as shown in Fig. 3(e). The two cones in momentum
space overlap, as shown in Fig. 3(d). The phonons in the
overlap volume rapidly thermalize within a time of order
1010 s. This creates a new momentum cone, with angle
3pp  =2, associated with the hot line, with its axis
along the bisecting line of the cone axes from the two
sheets.
In Fig. 3(e), we show two sheets with a large angle
between them. Then there is no interaction and the two
sheets just pass through each other. The two momentum235302-2
P H Y S I C A L R E V I E W L E T T E R S week ending5 DECEMBER 2003VOLUME 91, NUMBER 23cones, shown in Fig. 3(f), are well separated. The narrow
angle of the cone in momentum space will be confirmed
by showing that the two sheets do not interact if the angle
between the sheets is large enough.
For the experiment, we arranged a set of heaters on an
arc of a circle, radius 10 mm, and a detector at the center
of the circle. The heaters are 1 mm1 mm gold films on
glass cover slips. Their resistance is 50 . They can be
pulsed individually or in pairs. The pulses are 50 or 100 ns
duration with powers in the range 3.1 mW (22 dB) to
25 mW (13 dB). The superconducting zinc film detector
is held at a constant temperature by an electronic feed-
back signal which self-heats the zinc and indicates the
phonon energy flux [16–18]. The dominant time constant
of the detector system is  1:5 s. Many pulses are
averaged together to increase the signal to noise ratio
using a Tektronix DSA 601A. The helium is isotopically
pure [19] and at a temperature 55 mK.
Figure 3(g) shows a plan view of the spatial positions of
the two phonon sheets at a series of times. At time t1 the
sheets are just formed at the heater. At time t2 the edges of
the sheets just touch. This overlap of the sheets starts the
creation of a line of higher density phonons, a hot line,
along their common line. This is the beginning of the
extraordinary process: the interactions between the pho-
nons in the sheets are so strong that the interacting
phonons are assimilated into a new population with its
own momentum cone, with its axis along the bisecting
line. For t > t2 the hot line moves forward along the
bisecting line and the sheets get smaller as their energy
is fed into the hot line. The hot line does not continuously
get hotter as it quickly reaches a temperature where the
rate of energy loss due to the creation of h phonons equals
the rate of gain of energy from the two sheets. The h
phonons are created all the way from the position at t2 to
the bolometer, and those created near the bolometer ar-
rive just after the l phonons. This answers the second
question
The higher density of l phonons in the hot line causes
the increase in the l-phonon signal. The measurements
show that there is as much energy from the hot line as
from the area of the two sheets that are separately in-
cident on the bolometer. In separate pulses, the sheets are
wider than the bolometer so only a fraction of each
phonon sheet is incident on the bolometer. In a double
pulse some of this energy that would otherwise miss the
bolometer is collected by the hot line. If the phonon sheet
is 2 mm2 mm, then the energy in an extra 0:5 mm2 area
of each sheet falls on the bolometer which has an area of
1 mm2. This gives a 50% increase in signal. This fraction
is almost independent of the angle  between the sheets
so long as < 23pp and the bolometer is at the center of
curvature. This simple geometric argument leaves out the
effects of the expansion of the phonon sheet and the hot
line. The transverse expansion of the phonon sheet means
the separate l-phonon signals are smaller but the hot line235302-3still collects the same fraction of the sheets so the ratio
Sij=Si  Sj) will be larger. The estimate thus agrees with
the measurements.
An important feature of our picture is that the l pho-
nons in the sheet are in a narrow cone in momentum
space. This can be tested by varying the angle between
the two sheets as there should be no interactions between
them when the two cones in momentum space are well
separated. We define 3pp, in the 3pp scattering l1$l2l3,
as the angle between l2 and l1 when l2 and l3 have the same
energy 1=2. For a phonon distribution at temperature T,
0.8 of the phonons have energy  < 4T; therefore we use
this energy to evaluate 3pp. For example, using the
measurements of the upward dispersion [20], when T 
1 K, 1  4 K and 3pp  9:7.
In reality, the cones do not have a sharp boundary
because there are 3pp interactions where 2  3 which
have a larger angle between them. In the example above,
the maximum included angle between l2 and l3 is 20, but
the probability of this process is much lower than for
2  3. These angles scale roughly with T for T < 1 K.
The phonons in the high-energy tail of the distribution
can have somewhat larger angles; the maximum 3pp 
12 and the maximum included angle is 24.
Significant interaction between the sheets requires that
< 23pp. This is confirmed by the two heaters with  
46 where we find no interaction at all. This is true at the
highest power (25 mW), where any deviation from
Sij=Si  Sj  1 would be most noticeable: the signals
from double pulses are equal to the sum of the signals
from two separate pulses.
When the angle between the two heaters is   26,
the situation is marginal. With low power pulses, 100 s,
6.3 mW (19 dB), there is little interaction, but for
higher powers, 12.5 ( 16 dB) and 25 mW (13 dB),
there is an increasing interaction shown by the ratio R 
Sij=Si  Sj > 1. We show this in Fig. 4 which is in
stark contrast to Fig. 2. Higher powers increase the tem-
perature of the l phonons. This causes a small increase in
3pp, which is enough to start the interaction. When  
26, only the value of R for the l phonons shows an
increase; the h phonons have R 1 and even R< 1. As
 increases, the two phonon sheets overlap nearer the
bolometer. The l-phonon density along the hot line
reaches its increased dynamic equilibrium value essen-
tially instantaneously, on the time scale of the measure-
ment. Thus, the increase in the l-phonon density is not
very sensitive to the position of the initial contact.
This is in contrast to the h-phonon signal from the hot
line. Because the h phonons are created over the flight
path of the hot line, their signal increases with the length
of the flight path, and so decreases with . Also the h
phonons created near the bolometer do not have time to
disperse from the l phonons and so can disappear within
the l-phonon signal. Both these effects reduce the
h-phonon signal as  increases. The ratio Sij=Si  Sj235302-3
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
-18 -15 -12
s 3
5/(
s 3+
s 5
)
heater power (dB)
l
hh'
h''
FIG. 4. For heaters with an angle  between them of 26, the
ratio R of the integrated signals from the double pulse to the
sum of the integrated signals from the separate pulses is shown
as a function of heater power (the reference power is 0.5 W, so
22, 19, 16, and 13 dB correspond to 3.1, 6.3, 12.5, and
25 mW, respectively). The curves labeled l, h0, h, h00 are
integrated over time intervals 40– 43, 43–50.4, 43–73, and
50:4–73 s, respectively. The pulse durations are 100 ns.
P H Y S I C A L R E V I E W L E T T E R S week ending5 DECEMBER 2003VOLUME 91, NUMBER 23for the h phonons can be less than 1 due to the h phonons
being scattered out of the beam.
In conclusion, we have shown that l-phonon sheets
interact when the angle between them is small, but not
when it is large. This is direct evidence that the phonons
in the sheet occupy a narrow cone in momentum space
with a cone angle, typically 10. When the angle be-
tween the sheets is small, the interaction between the
sheets is strong and leads to a hot line in the liquid helium.
This line moves at the velocity c  238 m s1 along the
bisecting line, between the two normals to the heaters.
The hot line is continuously fed with energy from the
decreasing area of the sheets, and it loses energy by
creating h phonons. The hot line will be in dynamic
equilibrium and at an essentially constant temperature
over its path. The creation of the hot line collects energy
from those parts of the sheets which would otherwise
miss the bolometer. This leads to higher l- and h-phonon
signals than the sum of the two separate signals.
We see this behavior when the angle between the sheets
is 6. When the angle between the sheets is 26, there are
interactions when the pulse power is high, but not when it
is low. In this marginal case, the slightly larger width of
the cone at higher powers can initiate interactions which
lead to increasingly stronger interactions. When the angle
is 46 we find that there are no interactions.235302-4This striking behavior can be understood if the pho-
nons in the sheets are both in a narrow momentum cone
and are strongly interacting. This is the most direct evi-
dence to date for the properties of the phonon sheet that
has been postulated and used to explain several diverse
experimental results.
We thank I. N. Adamenko and D. H. S. Smith for dis-
cussions, S. Tuckett for making the heater and bolometer
supports, and EPSRC for Grant No. GR/N20225.[1] R.W. Gernsey and K. Luszczynski, Phys. Rev. A 3, 1052
(1971).
[2] N. G. Mills, R. A. Sherlock, and A. F. G. Wyatt, Phys. Rev.
Lett. 32, 978 (1974).
[3] R. A. Sherlock, N. G. Mills, and A. F. G. Wyatt, J. Phys. C
8, 2575 (1975).
[4] H. J. Maris and W. E. Massey, Phys. Rev. Lett. 25, 220
(1970).
[5] N. E. Phillips, C. G. Waterfield, and J. K. Hoffer, Phys.
Rev. Lett. 25, 1260 (1970).
[6] I. N. Adamenko, K. E. Nemchenko, A.V. Zhukov,
M. A. H. Tucker, and A. F. G. Wyatt, Phys. Rev. Lett. 82,
1482 (1999).
[7] A. F. G. Wyatt, M. A. H. Tucker, I. N. Adamenko, K. E.
Nemchenko, and A.V. Zhukov, Phys. Rev. B 62, 9402
(2000).
[8] S. Havlin and M. Luban, Phys. Lett. 42A, 133 (1972).
[9] M. A. H. Tucker, A. F. G. Wyatt, I. N. Adamenko, A.V.
Zhukov, and K. E. Nemchenko, Low Temp. Phys. 25,
488 (1999) [Equation (1) should read HL3  
u125
240 h4c50
, and Eq. (2), M3   
3u12k4BT4
15 h4c50
].
[10] M. A. H. Tucker and A. F. G.Wyatt, J. Phys. Condens.
Matter 6, 2813 (1994).
[11] M. A. H. Tucker and A. F. G.Wyatt, J. Phys. Condens.
Matter 6, 2825 (1994).
[12] M. A. H. Tucker and A. F. G. Wyatt, J. Low Temp. Phys.
113, 621 (1998).
[13] A. F. G. Wyatt, M. A. H. Tucker, I. N. Adamenko, K. E.
Nemchenko, and A.V. Zhukov, Phys. Rev. B 62, 3029
(2000).
[14] R.V. Vovk, C. D. H. Williams, and A. F. G. Wyatt, Phys.
Rev. B 68, 134508 (2003).
[15] I. N. Adamenko, K. E. Nemchenko, V. A. Slipko, and
A. F. G. Wyatt, Phys. Rev. B 68, 134507 (2003).
[16] R. A. Sherlock and A. F. G. Wyatt, J. Phys. E 16, 673
(1983).
[17] R. A. Sherlock, J. Phys. E 17, 386 (1984).
[18] C. D. H. Williams, Meas. Sci. Technol. 1, 322 (1990).
[19] P. C. Hendry and P.V. E. McClintock, Cryogenics 27, 131
(1987).
[20] W. G. Stirling, in Proceedings of the 75th Jubilee
Conference on Liquid Helium-4, edited by J. G. M.
Armitage (World Scientific, Singapore, 1983), p. 109.235302-4
